Background/Aims: Reduced oxygen availability, hypoxia, is frequently encountered by organisms, tissues and cells, in aquatic environments as well as in high altitude or under pathological conditions such as infarct, stroke or cancer. The hypoxic signaling pathway was found to be mutually intertwined with circadian timekeeping in vertebrates and, as reported recently, also in mammals. However, the impact of hypoxia on intracellular metabolic oscillations is still unknown. Methods: For determination of metabolites we used Multilabel Reader based fluorescence and luminescence assays, circadian levels of Hypoxia Inducible Factor 1 alpha and oxidized peroxiredoxins were semi quantified by Western blotting and ratiometric quantification of cytosolic and mitochondrial H 2 O 2 was achieved with stable transfections of a redox sensitive green fluorescent protein sensor into zebrafish fibroblasts. Circadian oscillations of core clock gene mRNA´s were assessed using realtime qPCR with subsequent cosine wave fit analysis. Results: Here we show that under normoxia primary metabolic activity of cells predominately occurs during day time and that after acute hypoxia of two hours, administrated immediately before each sampling point, steady state concentrations of glycolytic key metabolites such as glucose and lactate reveal to be highly rhythmic, following a circadian pattern with highest levels during the night periods and reflecting the circadian variation of the cellular response to hypoxia. Remarkably, rhythms in glycolysis are transferred to cellular energy states under normoxic conditions, so that ADP/ATP ratios oscillate as well, which is the first evidence for cycling ADP/ ATP pools in a metazoan cell line to our knowledge. Furthermore, the hypoxia induced alterations in rhythms of glycolysis lead to the alignment of three major cellular redox systems, namely the circadian oscillations of NAD + /NADH and NADP + /NADPH ratios and of increased nocturnal levels of oxidized peroxiredoxins, resulting in a highly oxidized nocturnal cellular environment. Of note, circadian rhythms of cytosolic H 2 O 2 remain unaltered, while the transcriptional clock is already attenuated, as it is known to occur also under chronic hypoxia. Conclusion: We therefor propose that the realignment of metabolic redox oscillations might initiate the observed hypoxia induced attenuation of the transcriptional clock, based on the reduced binding affinity of the CLOCK/ BMAL complex to the DNA in an oxidized environment.
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Introduction
Reduced oxygen availability, hypoxia, is frequently encountered by organisms, tissues and cells for various periods of time, in aquatic environments as well as in high altitude mountain areas, under strong physical exercise or in pathological conditions such as infarct, stroke or cancer. The cellular system to cope with reduced oxygen levels, the hypoxic signaling pathway with its major transcription factor Hypoxia Inducible Factor-1 α (HIF-1α) and its isoforms has thus been extensively studied from invertebrates to humans [1] [2] [3] [4] . Besides, oxygen deficiency has also been shown to affect another essential pathway, the circadian clock, an interplay which meanwhile has been explored in a couple of physiological and molecular studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The cell intrinsic circadian clock comprises several interconnected transcriptional translational feedback loops (TTFL`s), generated by an array of clock genes and their protein products which lead to endogenous oscillations of approximately 24 hours duration through anti-phasic expression cycles. The core loop of the TTFL is basically formed by the CLOCK/BMAL1 protein heterodimer which occupies DNA binding sites called E-boxes of their counter-players, the period and cryptochrome genes. Increasing their transcription, the gene products of both, the PERIOD and CRYPTOCHROME proteins, heterodimerize in the cytosol of cells and block the activity of the CLOCK /BMAL1 complex upon reentry to the nucleus. With the detection of peroxiredoxin (Prx) oxidation cycles, which cover all features of a cell autonomous time keeper such as regular circadian patterns under constant darkness, entrainability to external cues, temperature compensation and independency from nuclear transcription [16] [17] [18] , the singularity of the TTFL had to be reconsidered. Prxs are small conserved anti-oxidant enzymes which are able to scavenge reactive oxygen species (ROS) by catalyzing the oxidation of their own conserved cysteine residue with subsequent hyperoxidation to sulphonic acid. However, recent findings suggest that Prx oxidation cycles rather form a clock output based on the circadian rhythms of oxidative metabolism than being themselves a further cell autonomous time keeper [19, 20] , and also the relationship between Prx cycles and the TTFL is still unknown. Several other metabolites oscillate with a circadian rhythm as well, are controlled by the TTFL and feed back into the system, such as the cyclic biosynthesis of NAD + , which is mediated by the rate limiting and clock-controlled enzyme nicotinamide phosphoribosyl transferase (NAMPT) [21, 22] , or the oscillating NAD + /NADH and NADP + /NADPH ratios, which enhance the binding of the CLOCK /BMAL1 complex to the DNA through higher levels of their reduced forms [23] . Models for the obvious crosstalk between metabolic oscillations and the TTFL were proposed by several authors [24] [25] [26] and only recently the pentose phosphate pathway (PPP), the main source of NADPH production as reducing equivalent was identified as a major regulator of the TTFL [27] . The influence of hypoxia on the TTFL has been investigated in several vertebrate studies [5, 7, 10, 14, 15] and the HIF-1α mediated dampening of specific core clock gene oscillation amplitudes, first described in zebrafish [10, 28] was specified recently also in mice [14, 15] . Similarly, consequences of the reported link between both pathways for organismic physiology were illustrated in both models, in zebrafish [28] and in mice [5, 15] , which stresses the translational impact of the findings and the essential nature of the mutual interaction between the circadian clock and oxygen metabolism.
Due to the enlarged concept of cell intrinsic timekeeping described above we set out to explore the effects of acute hypoxia of two hours, applied immediately before each sampling time point covering a full circadian cycle, on selected metabolic rhythms, focusing on key metabolites of glycolysis and effectors and markers of the cellular redox environment. Using the non-transformed vertebrate zebrafish fibroblast cell line Z3 which is directly light-responsive [29] and a descendant of a day active vertebrate we were able to show that highest glycolytic activity of cells following acute hypoxia exposure for two hours occurs during night times, as opposed to cells under normoxia. As a consequence, the NAD + /NADH ratio oscillation aligns with the hypoxia induced high amplitude rhythm of the NADP + / NADPH ratio and nocturnal Prx ox , leading to highly oxidized states of the cells during the night periods. While oscillations of canonical clock genes are already dampened after short time hypoxic incubation as it is also known from experiments with chronic hypoxia [10, 14, 15, 28, 30] , circadian rhythms of cytosolic H 2 O 2 remain absolutely unaffected by the hypoxia induced metabolic and transcriptional changes, implicating that a cellular timekeeping mechanism apart from the transcriptional clock is quite robust against the stress of reduced oxygen tensions. The hypoxia-induced and mostly Hif-1α driven response observed in cellular metabolic rhythms might thus form the basis for the observed hypoxia induced attenuation of the TTFL, against the background of the reduced binding affinity of the CLOCK /BMAL1 complex to DNA in a highly oxidized cellular environment.
Materials and Methods
Cell culture conditions, experimental setup and sampling All experiments and samplings were performed under normoxia and after two hours of hypoxia (1% O 2 and 99% N 2 ) administrated immediately before each sampling time point (Fig. 1, A) . Hypoxia has an accumulating effect on the Hif-signaling pathway during the first few hours, which can be derived from the increasing levels of Hif-1α protein with increased duration of the hypoxic treatment. Longer hypoxic incubation times in the range of several days, in turn, lead to reduction of Hif-1α protein levels [30] . In addition, it is established that the transcription factor Hif-1α regulates the TTFL by binding directly to the period1 and period2 genes [10, 30] , so that accumulating or varying amounts of the hypoxic transcription factor might have time variant effects on the tested circadian systems. Due to this knowledge we decided to select two hours of hypoxic incubation time. For this time span the day time dependent amounts of accumulated Hif-1α protein levels in zebrafish cells are known [10, 28] , which also means that hypoxic signaling is definitely switched on, but without leading to a highly and therefore potentially harmful hypoxic metabolism, characterized for example through high levels of produced lactate. Zebrafish Z3 cells were cultured at 25°C in Leibovitz 15 (L-15, Thermo Fisher Scientific, Germany) medium supplemented with 15% fetal calf serum in an atmospheric CO 2 non-humidified cell culture incubator as described previously [10] . Cells were entrained to one additional light/dark cycle of 14/10 prior to the first L/D cycle (14/10) of sampling. Entrainment was accomplished using a light incubator (ICP 500, 5 fluorescent tubes at 15W, 1000 lux; Memmert, Germany). Sampling was performed over three circadian cycles, one L/D cycle of 14/10, followed by two cycles under constant darkness.
Sampling for the determination of metabolites was done in parallel to the sampling of total protein for the Western blots, the latter of which is described in detail in [10] using Z3 cells grown in 100 mm culture dishes (Sarstedt, Fig. 1 . A: Overview of the light entrainment and sampling schedule. For each sampling time point normoxic (N) and two-hour hypoxia exposed (H) replicates were prepared. The detailed view shows the samplings for one light/dark (LD) sampling day. Two additional sampling days where light-entrained cells were kept under constant darkness were performed to investigate the "free-running period". B and C: intracellular steady state concentrations of glucose and pyruvate, summed up over the two days of constant darkness: hypoxia treated cells have significantly lower amounts of both substrates; D: relative quantities of ATP and ADP, summed up over the two days of constant darkness: hypoxia treated cells have significantly higher ATP and ADP stores compared to normoxic cells; asterisks mark significant differences between the groups; B to G: mean ± SEM; n= 72-132; Two-way ANOVA, Graph Pad Prism 6. Austria). After decantation of the supernatant/medium, cells were washed with 1x PBS and scraped off in 850µl Tris/EDTA buffer and directly transferred to reaction tubes to get shock frozen in liquid nitrogen. After a centrifugation step at 1000rcf for one minute at 4°C to pellet the cell debris, 10µl aliquots of each sample were set apart for quantification of total protein content using the Nanodrop 2000c Spectrophotometer (Thermo Scientific,Germany). Residual sample volumes were de-proteinated using 10kD molecular weight cut-off Amicon Ultra 0.5 mL centrifugal filters (Merck, Germany) and stored at -80°C until determination of metabolites. Sampling for cytosolic H 2 O 2 measurements was done with identical incubation and sampling timetable but using Z3 cells stably transfected with the cytosolic fluorescent H 2 O 2 sensor protein roGFP2-ORP1 and seeded in quadruplicates at a density of 7000 cells per well into individual black 96-well plates (PerkinElmer, Germany). For mitochondrial H 2 O 2 measurement Z3 cells stably transfected with a mitochondrial roGFP2-ORP1 sensor protein were seeded on glass coverslips at a density of 50.000 cells per cm 2 and subjected to the same light/dark schedule as all the other samples. One hour before each two-hour normoxic/hypoxic incubation growth media in the wells or in the glass coverslips was exchanged for imaging buffer to reduce autofluorescence. The imaging buffer was a Hank's buffered salt solution containing 5 mM galactose and 5 mM pyruvate and was prepared without glucose to best match the nutrient composition of the growth media L-15.
Western Blots
Isolation and quantification of total cellular protein as well as Hif-1α western blots were performed according to standard procedures described previously [10] . For quantification of peroxiredoxins, membranes were incubated with Prx-SO 2/3 antibody (ab16830, Abcam, UK) 1:10, 000 in 5% [w/v] bovine serum albumin (BSA) overnight at 4°C, after blocking with 5% [w/v] milk. Binding of the primary antibody was detected with a secondary antibody conjugated to horseradish peroxidase (HRP; Sigma-Aldrich, Germany; diluted 1:1000 in blocking buffer, incubated for 1h at room temperature) using the Amersham TM ECL Prime Western Blotting Detection Reagent (GE Healthcare, UK). Semiquantification of oxidized peroxiredoxins was accomplished by using the Image Lab TM software (Bio-Rad, Germany). The responsiveness of Zebrafish Prx ox protein levels to increasing concentrations of H 2 O 2 in the medium is shown in (Fig. 10, C) .
Measurement of metabolites
Glucose was measured using the Glucose HK Assay Reagent (Sigma-Aldrich, Germany) and D(+)-Glucose anhydrous (Roth, Germany) for the calibration curves and as standards of known concentrations to carry along with the samples. Measurements were carried out in transparent tissue culture 96 well suspension plates (Sarstedt, Austria) in a Victor X4 2030 Multilabel Reader (PerkinElmer, Germany), according to the manufacturer`s protocol. Lactate and pyruvate concentrations of cells were measured after [31] using the innate fluorescence of NADH versus NAD + at an excitation wavelength of 340 nm and an emission wave length of 445 nm [32] . For this purpose calibration curves were generated with the respective salts of known concentrations, sodium L-lactate and sodium pyruvate (Sigma-Aldrich, Germany) between 0 and 1 mM. Measurements were performed in a Victor X4 2030 Multilabel Reader (PerkinElmer, Germany) in 96-well format white culture plates (PerkinElmer, Germany), calibration curves and standards of known concentrations, as well as blanks were carried along with each measurement. Estimations of free cytosolic NAD + /NADH ratios were calculated according to [33] after determining the equilibrium state of Z3 cells after two hours of hypoxia (Fig. 10, D) . For this purpose we transiently transfected Z3 cells seeded into CellASIC Onix M04S live cell imaging plates (Merck Millipore, Germany) with Peredox-mCherry plasmid (#32380, Addgene, USA), a genetically encoded fluorescent NADH-NAD + redox sensor [34] , using Peqfect DNA transfection reagent (Peqlab VWR, Germany) according to the manufacturer's instructions and previous transfection optimization for zebrafish cells [35] . Several cells in the live cell imaging setup (CellASIC Onix microfluidic perfusion system, Merck Millipore, Germany) were imaged every 2 minutes with a Leica SP5-II laser scanning microscope (Leica Microsystems, Germany) equipped with an automated stage using a 63x objective lens and two excitation wavelengths sequentially detected on a hybrid detector (Ex1 405 nm, Em1 500-550 nm, Ex2 561 nm, Em2 600 -650 nm). After 20 min of normal air supply the imaging chamber was switched to N 2 for the rest of the experiment. After 140 min the imaging buffer containing 5 mM galactose and 5 mM pyruvate was transiently exchanged for buffer containing 5 mM galactose and 5 mM lactate for another 20 minutes before switching back to the pyruvate containing medium. Ratiometric images were ; pH7) was used for the calculation of NAD + /NADH ratios. NADP + /NADPH ratios were determined using the NADP + /NADPH-Glo™Assay kit (Promega, Germany). ADP/ATP ratios were determined using the ADP/ATP ratio Assay Kit (Sigma-Aldrich, Germany) according to the protocol provided. For all bioluminescence measurements white 96-well culture plates (Perkin Elmer, Germany) were used in a Victor X4 2030 Multilabel Reader (PerkinElmer, Germany). Measurements of enzyme activities were performed using the Phosphofructokinase (PFK) Activity Colorimetric Assay Kit and the Glucose-6-Phosphate Dehydrogenase Assay Kit (Merck, Germany) according to the protocols provided by the manufacturers.
Realtime qPCR
Realtime qPCR was performed as already published [10, 28] .
Ratiometric measurement of H 2 O 2 concentrations
Long-term, non-invasive H 2 O 2 fluctuations in living cells can be measured with a pH-insensitive H 2 O 2 sensor based on a green-fluorescent protein covalently attached to a redox enzyme (Orp1) from Saccharomyces cerevisiae [36] . This so-called redox relay with Orp1 effectively converts physiological H 2 O 2 signals into measurable fluorescence signals-with higher specificity and kinetics than roGFP2 alone. For cytosolic H 2 O 2 measurement a non-targeted version ( Fig. 10 , A) and for mitochondrial H 2 O 2 production a cytochrome oxidase subunit 8 (COX8) targeted version ( Fig. 10, B ) of roGFP2-Orp1 were successfully introduced into Z3 cells using a retroviral transfection approach. RoGFP2-Orp1 excitation at 405 nm is relatively insensitive to H 2 O 2 whereas excitability at 490 nm is H 2 O 2 -sensitive and results in a strongly reduced emission at 530 nm when the protein is oxidized by H 2 O 2 . The circadian fluctuation of cytosolic H 2 O 2 was assayed with ratiometric roGFP2 fluorescence measurements (Ex1 405 nm, Ex2 488 nm, Em 500 -550 nm) in a fluorescence plate reader equipped with a monochromator light source (Enspire, Perkin Elmer, Germany). The mitochondrial H 2 O 2 in individual Z3 cells was calculated from roGFP2 fluorescence images using a Leica SP5-II laser scanning microscope equipped with hybrid detector and a 63x objective lens. A large 6x5 tile scan at subcellular resolution was recorded with sequential 405 nm or 488 nm excitation and a 500 nm to 550 nm emission band for both excitations. The ratiometric image analysis routine was performed using LAS AF software (version 2.7, Leica Microsystems, Germany). In both setups hypoxiaexposed samples were immediately measured after removal from the hypoxia chamber. Responsiveness of the roGFP2-ORP1 fluorescent protein sensor in the cytosolic or mitochondrial measurement setup was confirmed by applying either 1mM Dithiothreitol (DTT), an antioxidant as negative control, or 100 µM Menadione, a free radical generator as positive control (Fig. 10, A 
and B).

In vitro Luciferase Assay
For the in vitro luciferase assay (Fig. 7) , the transgenic zebrafish fibroblast cell line DAP49, which contains 3.1 kb of the zfPeriod1 promoter driving the expression of luciferase, was used as published previously [10] . Amitrol (3-Amino-1, 2,4-triazole, 3-AT) was added from the beginning of the experiment in a concentration of 20 mM.
Statistics
Data are presented as mean ± SEM. To compare differences between two means, Student's t tests (twotailed) were performed. To compare more than two means, data were analyzed using two-way analyses of variance (ANOVAs) followed by Holm-Sidak post-hoc tests and, in case of failed normality, Kruskal-Wallis one-way ANOVA on ranks. Significance was accepted for p ≤ 0.05. Statistical analysis and cosinor analysis vs. straight line fit were performed using Graph Pad Prism 6.
Results and Discussion
The reciprocal interaction between the hypoxic signaling pathway and the circadian clock was described for the first time in the vertebrate model zebrafish [10, 28] [10, 14, 15, 28, 30] . In turn, the expression of Hif-1α protein was shown to be clock controlled, and examples for the physiological relevance of the observed link between both pathways was likewise illustrated in zebrafish [28] and in mice [5, 15] . While the cell autonomous circadian time keeping of vertebrates has been largely focused on the transcriptional clock over the last years, some rather new models proposed by several authors [24] [25] [26] assigned increasing importance to metabolic rhythms for circadian time keeping, such as for example the peroxiredoxin oxidation cycles [16, [18] [19] [20] . Hence, we set out to investigate the effects of hypoxia on selected metabolites in a Zebrafish derived cell line which is directly light responsive [29] , focusing thereby on key metabolites of glycolysis and markers of cellular redox environment over a period of three circadian cycles, one cycle under L/D (14/10), followed by two days under constant darkness for evaluation of the free running rhythm (Fig. 1, A) . Since the hypoxia-induced decrease of the zfper1 gene oscillation occurred earliest about 15 hours after onset of hypoxic treatment in whole animals [10] , we presumed that some metabolic changes affecting cellular time keeping might happen already much earlier and therefore chose a rather short hypoxia incubation time, namely two hours of acute hypoxia, administrated immediately before each sampling time point. Consequently and of note, metabolic oscillations of cells under normoxia shown in the present study reflect endogenous rhythms of cellular metabolites, while those of hypoxia treated cells do not necessarily represent cell autonomous circadian rhythms, but rather constitute circadian variations of the cellular response to acute hypoxia.
Circadian variation of cellular metabolism in response to acute hypoxia
We found key metabolites of glycolysis such as glucose, pyruvate and lactate to oscillate rather erratically under normoxic control conditions, with highest levels of glucose and pyruvate during subjective day times (Fig. 2, A, B, and D) . After administration of acute hypoxia concentrations of glycolytic intermediates revealed to be highly rhythmic, Fig. 2 . Steady state concentrations of glycolytic key metabolites under normoxia and after hypoxia of two hours over three circadian cycles. A: short term hypoxia enhances circadian rhythmicity in intracellular glucose levels B: treatment with hypoxia for two hours enhances circadian rhythmicity of intracellular steady state lactate concentrations; C: Lactate production and excretion is increased in hypoxia treated cells; D: intracellular pyruvate concentrations do not follow a pronounced circadian rhythm under both conditions E: lactate excretion oscillates in a circadian manner after hypoxic treatment; F: cellular ADP/ATP ratios follow a circadian rhythm, which is attenuated/ablated after hypoxic treatment; asterisks mark significant differences between the groups; mean ± SEM; n=4; Two-way ANOVA , cosinor analysis vs. straight line fit were performed using Graph Pad Prism 6. intracellular glucose and lactate following a clear circadian pattern with highest levels of glucose during the subjective night periods (Fig. 2, A and B; Fig. 3, A and B) . Under both conditions, normoxia and following acute hypoxia of two hours, oscillation levels of glucose and pyruvate increased massively during constant darkness (Fig. 2, A and D) . In addition, hypoxic cells revealed significantly reduced intracellular levels of glucose and pyruvate (Fig.  1, B and C) , suggesting an increase in turn-over rate. To find an explanation for the increased substrate consumption of hypoxic cells we measured the production of lactate and found that intracellular steady state levels of lactate did not differ between both groups, whereas lactate excretion was enhanced in the latter (Fig. 2, C) , following as well a clear circadian rhythm (Fig. 2, E) , so that the highest release of lactate occurred during the subjective nights. Since glycolysis is the major source of ATP production we wanted to see if the opposed oscillations in glycolysis key metabolites after acute hypoxia had any influence on intracellular ADP/ATP ratios. Remarkably, we found ADP/ATP ratios of cells under normoxia to oscillate in a circadian manner (Fig. 2, F) , which is the first evidence for cycling ADP/ATP pools in a metazoan cell line to our knowledge, and it is tempting to speculate that the observed circadian rhythms in cellular ADP/ATP ratios are functionally comparable to the phosphorylation cycles of the cyanobacterial clock [37] . In hypoxia treated cells the circadian ADP/ATP ratio oscillation was abolished, while total cellular ATP stores were increased (Fig. 1, D) , as indicated also by the significantly lowered ADP/ATP ratios during subjective day times (Fig. 3, C and D) . Higher levels of ATP can be either generated through an increased rate of glycolysis and mitochondrial respiration or through reduction of energy consuming processes under hypoxic conditions, known as metabolic depression. Increased stores of ATP are known to inhibit phosphofructokinase (PFK), the key rate limiting enzyme of glycolysis, leading to accumulating levels of fructose-6-phophate and glucose-6-phosphate, the latter of which can be resynthesized from the former. This in turn enables the flow of glucose-6-phosphate into the pentose phosphate pathway (PPP), which produces the majority of NADPH reducing equivalents and pentoses for synthesis of nucleotides, depending on the demand of the cells. We therefore measured enzyme activities during the first day of constant darkness and found that nocturnal PFK activity was not altered after short term hypoxia, whereas the activity of glucose-6-phosphate dehydrogenase (G6PDH), the rate limiting enzyme of the PPP was significantly reduced in hypoxia treated cells during the early night, indicating that the glucose flux through the PPP was as well reduced (Fig. 4, B) .
Acute hypoxia leads to a highly oxidized cellular environment during the night periods
As a next step we set out to investigate the effects of the moderately reduced flux through the PPP on the ratios of NADP + /NADPH. We found clear circadian rhythms of NADP + /NADPH ratios in normoxic as well as in hypoxia treated cells (Fig. 4, A) , with phases and amplitudes not significantly differing from each other (oscillation amplitude increased by 3.89 ± 4.35 under hypoxia), but with significantly increased nocturnal NADP + /NADPH ratios in hypoxia treated cells during the night phases (Fig. 3, E and F) , where we also found the G6PDH activity to be reduced (Fig. 4, B) , an enzyme which was only recently reported to regulate the circadian clock [27] . The cytosolic redox state of cells depends on the generation of reactive oxygen species as well as on the production of reducing equivalents such as NADPH, NADH or Prx red . We therefore calculated the NAD + /NADH ratios from pyruvate and lactate concentrations /NADPH ratios oscillate with a circadian rhythm in normoxic and hypoxia treated cells; B: G6PDH and PFK activity during the first day of constant darkness: while the activity of PFK remains unaltered, the activity of G6PDH is significantly reduced in the early night after acute hypoxia; C: circadian profiles of NAD + / NADH calculated after [33] from intracellular lactate and pyruvate levels: only hypoxia treated cells show a clear circadian oscillation; D and E: under normoxia Prx ox oscillations follow a regular 24 hour rhythm, acute hypoxia leads to a reversal of the rhythm under LD and reduced periods of approximately 12 hours under constant darkness; asterisks mark significant differences between the groups, mean ± SEM; n=4; Twoway ANOVA, Cosinor analysis vs. straight line fit were performed using Graph Pad Prism 6. [33] and found that they followed as well a circadian pattern after administration of acute hypoxia, with highest levels during the subjective nights (Fig. 3 , G and H; Fig. 4,  C; ). A circadian rhythm of Prx ox , in contrast, was found only in normoxic control cells while after short term hypoxia and under constant darkness the oscillation period was reduced to approximately 12 hours, peaking thus twice during one circadian cycle (Fig. 4, D) . During the first LD cycle circadian rhythms of Prx ox were completely opposed between control and hypoxia treated cells, and in hypoxia treated cells under free run nocturnal Prx ox levels were increased compared to normoxic cells (Fig. 3, I and J). Summarizing all results in a color coded table (Fig. 5) , the alignment of the three investigated redox systems, the NAD + /NADH ratio, the NADP + /NADPH ratio and Prx redox , after administration of short term hypoxia becomes evident: oscillation of the NAD + /NADH ratio, which itself is driven by the hypoxia induced alterations in glycolytic activity (highest levels of intracellular glucose and lactate excretion coincide with lowest levels of ATP and NADH (Fig. 2, 3 and 4) , starts to run in phase with the high amplitude oscillation of the NADP + /NADPH ratio and the nocturnal peaks of Prx ox (Fig. 4, A, C and D, Fig. 5 ), resulting finally in highly oxidized cellular environments during the subjective nights.
Hypoxia reduces mitochondrial H 2 O 2 but does not alter circadian rhythms of cytosolic H 2 O 2
Hypoxia is known to involve altered ROS signaling and, though often controversially discussed [38, 39] , it is meanwhile accepted that redox response to hypoxia can be cell-type and even cell compartment specific [40, 41] and that mitochondria are a source of ROS which is released to the cytosol in a controlled process [42, 43] . We therefore measured cytosolic as well as mitochondrial hydrogen peroxide levels under both conditions. Strikingly, cytosolic H 2 O 2 oscillated in a circadian manner in both groups with identical amplitudes, phases and periods (Fig. 6, A, B and C ). In contrast, mitochondrial H 2 O 2 levels, which were recorded once in the middle of the day and once in the middle of the night during the first day of constant darkness, did not differ between day and night samples in both groups, but were significantly decreased in hypoxia treated cells (Fig. 6, D) . For comparison, in a study on mammalian pulmonary artery smooth muscle cells (PASMCs) that used the same redox sensitive fluorescent protein sensors as in our study acute hypoxia induced a decrease in mitochondrial H 2 O 2 as well, but an increase in cytosolic level instead [41] . Given this observation it is worth mentioning that, although the physiological ability to cope with hypoxia differs between hypoxia tolerant cyprinid fish and mammals, mitochondrial H 2 O 2 levels in zebrafish fibroblasts and mammalian PASMCs alike respond very similar to acute hypoxic stress pointing towards a rather basic eukaryotic cellular response. We interpret the lower hydrogen peroxide in mitochondria upon hypoxia as prior mitochondrial release of H 2 O 2 into the cytosol, but it might as well reflect reduced mitochondrial production of H 2 O 2 under hypoxic conditions. A mitochondrial release of H 2 O 2 might also explain the increased nocturnal levels of Prx ox found after treatment with short term hypoxia, knowing that the release of mitochondrial H 2 O 2 into the cytosol is controlled by PrxIII, [44, 45] , the abundance of which constitutes a large portion of the peroxiredoxin isoform pool [46] . In order to test the actual impact of altered cellular H 2 O 2 signaling on circadian time keeping we inhibited catalase, a major light-driven antioxidant enzyme regulating intracellular H 2 O 2 levels [47] , 
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with Amitrol and found that inhibition of the enzyme led to a lengthened period of the period1 gene oscillation in the zebrafish per1 luciferase reporter cell line DAP49 [48] (Fig. 7) . The reset of the TTFL by H 2 O 2 was described earlier by other groups [47, 49, 50] , and a stable circadian period under hypoxic conditions was also reported for the rest-activity cycles of mice housed under normoxic (21% O 2 ) versus rhythmically reduced oxygen levels (21% O 2 /16% O 2 ) [5] . We therefore conclude that the treatment with acute hypoxia leads to redistribution of intracellular H 2 O 2 to the three reducing equivalents NADH, NADPH and Prx red in order to keep the circadian oscillation of cytosolic H 2 O 2 in phase, which otherwise might induce a change of the cell autonomous rhythm. A further reason for the redistribution of H 2 O 2 to the reducing equivalents NADPH, NADH and Prx red is in our opinion the generation of the highly oxidized nocturnal cellular state, which is in antiphase to the redox oscillation observed under normoxic control conditions (Fig. 3, 4 and 5). The binding affinity of the CLOCK /BMAL1 complex to the DNA is known to depend on the redox environment [23] , so that the highly oxidized cellular environment during night times detected after acute hypoxia most probably interferes with the transcriptional feedback loop by weakening the binding affinity of the CLOCK /BMAL1 heterodimer, forming thus the basis for the hypoxia induced attenuation of the TTFL amplitude [10] . A treatment with hypoxia for two hours was also shown to not yet involve a significantly increased binding of Hif-1α to E-boxes of the period1 gene in zebrafish cells [10] , so that the Hif-1α induced repression of core clock genes during and after short term hypoxia most probably is not yet effective. In this context, the reduced G6PDH activity of hypoxia treated cells (Fig. 4, B) indicates that the PPP might have an important regulatory function for circadian time keeping also in the present experimental setup, by adding to the oxidized environment through reduced at 20 mM, which inhibits the activity of catalase, experience a phase advance of the zfper1 oscillation; mean values ± SEM (n=8). cosinor analysis vs. straight line fit was performed using Graph Pad Prism 6; asterisks mark significant differences between the groups. Cellular Physiology and Biochemistry production of reducing equivalents, hence confirming the role of glucose catabolism in the regulation of the TTFL amplitude reported previously [27, 50] . However, our results also implicate that a cellular timekeeping mechanism apart from the transcriptional clock is obviously quite robust against the stress of reduced oxygen tensions, in line with a recent review [50] .
Acute hypoxia attenuates the transcriptional clock
Chronic hypoxia is known to reduce the oscillation amplitudes of specific clock genes [10, 14, 15, 28] . To confirm the hypoxia induced attenuation of the TTFL also for the present experimental setup using acute hypoxia we screened mRNA oscillation of core clock genes and found that expression levels of the clock genes period1b (per1) and cryptochrome1aa (cry1) were significantly reduced, as was the copy number of clock1a (clock1) recorded in the early LD night (Fig.  8, A, B and C) . In addition, circadian oscillations of clock1 and period2 mRNA ceased after administration of acute hypoxia (Fig. 8, C and D) . Besides, mRNA expression levels of the two light responsive genes cry1 and per2, both of which are known to be crucial for the light induced reset of the circadian clock in zebrafish [47, 51] , decreased massively under constant darkness (Fig. 8, B and D) , corresponding therewith to previous reports [47, 52] . Hence, the effects of short term hypoxia on the transcriptional clock were comparable to those reported earlier for chronic hypoxia [10] . We therefore conclude that it would be of no benefit for cells and tissues to immediately lose track of time when oxygen tensions decrease (eventually only timely restricted), and that cells and tissues compensate the hypoxia induced attenuated rhythms of peripheral clocks with enhanced metabolic rhythmicity on the one hand and a stable oscillation of cytosolic H 2 O 2 on the other in order to keep the cell autonomous rhythm.
Increased levels and amplitudes of metabolic cycles under constant darkness
Intriguingly, basic levels of five measured metabolites significantly changed at the "subjective dawn" of the first day under constant darkness, when cells seemed to anticipate "light on" after synchronization over two circadian cycles to an L/D rhythm of 14/10. This phenomenon, which was initially thought to be an artefact, was observed in normoxic and hypoxia treated wildtype Z3 cells, as well as in the genetically modified RoGFP2 Z3 cell line. Highly increased mean levels were detected for intracellular glucose and pyruvate (Fig. 2, A  and D) , for the NAD + / NADH and NADP + /NADPH ratios (Fig. 4, A and C) , for the ATP/ADP ratio (reversed, Fig. 2, F) and for cytosolic H 2 O 2 in the transgenic RoGFP2 Z3 cell line (Fig. 6, A) . Of note, the in phase oscillation of all three redox systems after acute hypoxia was observed as well only during constant darkness, when oscillations and /or expression levels of both light driven clock genes per2 and cry1 [51] were severely reduced, and the realignment of the three redox systems might therefore also compensate for the loss of the external timing cue light, just as the increased levels and oscillations of metabolites observed under constant darkness.
Hif-1α protein follows a circadian rhythm under normoxic control conditions
Since Hif-1α regulates the expression of many glycolytic enzymes (phosphofructokinase PFK, pyruvate kinase PK, lactate dehydrogenase LDH, hexokinase HK) and glucose transporters (Glut1 and Glut3) [53] , we considered Hif-1α as primarily responsible for the shift of the glycolytic activity into the night periods and thus also for the increased in phase oscillations of the three redox systems. In addition, Hif-1α was only recently demonstrated to be essential for the reset of the circadian clock upon applied oxygen rhythms, by using an siRNA approach in a mouse model [5] . Measurement of basic mRNA and protein levels of Hif-1α in our study revealed mRNA expression patterns of hif-1α to oscillate rather unsteadily under both conditions (Fig. 9, A) and application of acute hypoxia did not result in any significant differences regarding the abundance of hif-1α mRNA copy numbers between control and hypoxia treated cells. In contrast, Hif-1α protein followed a clear circadian rhythm under control conditions, as it was reported only recently by [5] , who showed that normoxic Hif-1α protein rhythms were based on daily rhythms in tissue oxygenation [5] . Treatment of cells with acute hypoxia increased Hif-1α protein levels significantly, as expected (Fig. 9 , B and C), and did not follow a clear circadian rhythm, again in accordance with the situation described in mammals earlier [5] , stressing again the conserved nature of the mutual link between both pathways.
Conclusion
In summary, our study supports the idea that Hif-1α is required and responsible for the observed acute as well as known chronic hypoxia induced effects on the circadian clock. Since circadian rhythms of cytosolic H 2 O 2 remain absolutely unaffected by the hypoxia induced metabolic and transcriptional changes, a cellular timekeeping mechanism apart from the transcriptional clock is obviously quite robust against the stress of reduced oxygen tensions. Reversely, Hif-1α, which has been demonstrated to be tightly clock controlled itself, is most probably mainly responsible for the orchestration of metabolic alterations, which lead to a timeof-day dependent variation in the cellular response to hypoxia, but also allow for the hypoxia induced attenuation of the circadian clock by altering the cellular redox state, as Fig. 9 . Circadian profiles of zfhif-1α mRNA and Hif-1α protein under normoxia and following hypoxia of two hours: A: zfhif-1α mRNA expression does not follow a clear 24 hour rhythm under both conditions; B and C: under normoxia Hif-1α protein levels oscillate in a circadian manner, after hypoxia of two hours circadian rhythmicity is lost and protein quantities are significantly increased; asterisks mark significant differences between the groups; mean ± SEM; n=3-4; Two-way ANOVA, cosinor analysis vs. straight line fit were performed using Graph Pad Prism 6. were measured with the Peredox-mCherry sensor transiently transfected in Z3 cells. The sensor was excited at two wavelengths (Ex1 405 nm, Em1 500-550 nm, Ex2 561 nm, Em2 600-650 nm) to produce two images which were used for ratiometric image analysis; cells under normoxia and after two hours of hypoxia do not differ significantly in their ratio; at the end of the experiment imaging buffer containing 5 mM galactose and 5 mM pyruvate was exchanged to a buffer containing 5 mM galactose and 5 mM lactate to serve as a positive control for the sensor in a nonequilibrium state (high NADH concentration); inserts show a representative cell at 4 different timepoints (20 min, 135 min, 155 min, 180 min) in green and red emission and the ratio image in glow scale (ratio values 0-2); Scale bar: 40 µm; mean ± SEM (n=3); asterisks mark significant differences between the groups. Fig. 11 . Under normoxia glycolytic activity occurs predominantly during day time, controlled to a large extent by Hypoxia Inducible Factor 1 alpha (Hif-1α), which regulates the expression of many glycolytic enzymes such as phosphofructokinase, pyruvate kinase, lactate dehydrogenase, hexokinase and glucose transporters. Markers and effectors of the cellular redox system such as NADP + /NADPH ratio and oxidations cycles of Peroxiredoxins (Prx) oscillate in a circadian manner, while the NAD + /NADH ratio does not follow a 24 hour rhythm. Oxidation maxima and minima of their oscillations occur during different times of one circadian cycle. After acute hypoxia of two hours: administration of hypoxia for two hours shifts highest maxima of glycolytic activity into the night periods, leading to the alignment of the NAD + /NADH ratio with the high amplitude oscillation of the NADP + /NADPH ratio and nocturnal Prx ox and, as a result, to a highly oxidized cellular environment during the night. While cytosolic H 2 O 2 oscillations (middle) remain completely unaffected and keep amplitude and phase also after treatment with acute hypoxia, the TTFL is already attenuated comparable to the effect of chronic hypoxia on the transcriptional clock.
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Cellular Physiology and Biochemistry shown in the model (Fig. 11) . We therefore think that our study represents a completely new aspect of the intimate, mutual and conserved link between the circadian clock and hypoxic signaling, by integrating physiological processes, which obviously precede the direct transcriptional repression of core clock genes through Hif-1α, and might therefore be of great value for basic eukaryotic cell biology.
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